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Abstract 
The article presents the design and operation principle of a hybrid bearing with actively adjustable radial gap of a gas foil 
bearing. The hybrid bearing is a combination of a ball bearing and gas foil bearing with speed separation. Electromagnetic coils 
are placed on the bearing housing, two for each foil. Such a construction allows to control the deformation of the foils by 
applying voltage to the coils. The article also presents a general approach to mathematical model the control process in such 
bearings. The main purpose of the control system is to reduce vibrations in the rotor system by means of controlling dynamic 
characteristics of the gas foil bearing.  
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the Dynamics and Vibroacoustics of Machines (DVM2014). 
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1. Introduction 
There are a lot of requirements rotating machinery (pumps, compressors, expanders, etc.) have to meet, and 
special attention is paid to the bearings because in many cases their reliable operation ensures satisfactory operation 
of the whole machine. The presence of imbalance, lubricant pressure pulsations and other sources of disturbance 
usually lead to the appearance of unwanted vibrations in rotor systems. Such vibrations have a negative affect on 
rotating machines operational quality and in some cases can be dangerous because of a high load on the bearings.  
The growth in the energy intensity of the machines of the new generation results in higher standards and demands 
higher workability and reliability of the bearings. Operational frequency around 100,000 rpm and more require new 
designing solutions and technologies that can ensure the specified speed and stability conditions. For sliding 
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bearings this can be achieved by using foil bearings. Rolling bearings can be improved by means of using ceramic 
rolling elements and enhancing machining accuracy. There is, however, another way of improving bearings which 
involves application of the active vibration control in rotor-bearing systems. This approach is implemented, for 
instance, in active magnetic bearings. They have fewer drawbacks in comparison to the rolling bearings but are 
significantly more expensive due to the complexity of the control system. One of the promising ways of improving 
bearings is active pressure control in fluid-film and gas bearings. Such bearings have simpler design and can be used 
in aggressive environments, herewith they are cheaper than the active magnetic bearings and thus are often used in 
rotor machines. 
2. Construction and mathematical modeling 
The proposed design of the hybrid mechatronic bearing is illustrated in the figure 1: the hybrid bearing consists 
of the housing 1, rolling bearing 2 mounted in the housing. The sleeve 3 and metal plates 4 are  mounted in the 
rolling bearing 2. The plates provide centering of the shaft 5. The electromagnetic coils 6 are mounted around the 
inner diameter of the housing. Piezo actuators 7 mounted on the ring 8 are used for locking the inner ring of the 
rolling bearing during the main operation mode.  
The device operates as follows: firstly the load is transferred from the shaft 5 to the housing 1 through the metal 
plates 4 and rolling elements in the rolling bearing 2. As the rotation speed increases, extra voltage is applied to 
electromagnetic coils 6 and piezo actuators 7. The arising electromagnetic field turns the plates 4 from the surface of 
the shaft 5 which creates an air gap. Gas-dynamic force that arises in the gap centers the shaft and carries the 
external load. The inner ring of the rolling bearing 2 is locked with piezo actuators 7 so that the rolling bearing 2 
stops revolving. When the rotation speed decreases the whole process is reversed. Herewith rotor movement 
stability is improved due to the increased damping properties on account of the metal plates influence.  
 
 
Fig. 1. The hybrid bearing. 
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The control system does not affect the self-regulating properties of the gas foil bearing because the deformation 
of the elastic foil occurs under the influence of both electromagnetic and gas-dynamic forces produced by the air 
film. Higher film reaction forces increase the lubricant film load capacity. An increasing gap reduces film reaction 
forces and vice versa. So, the additional foil deformation leads to the increase of the gap and the decrease of the 
reaction force, thereby the self-regulation of the rotor position is implemented.  
The described device can improve reliability and durability of a bearing by separating and duplicating of the 
rolling and sliding bearing functions and control of their characteristics at different operating modes.  
Lets present the model of the foil as a cylindrical shell (see figure 2) and consider it in z, θ coordinates. The foil 
deformation under a joint action of electromagnetic and hydrodynamic forces can be determined by solving the 
differential equations system for a cylindrical shell which origins from the general theory of shells [1]. 
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where ϑ, u, w are foil displacements; r is the curvature radius of a foil; δ is the foil thickness; p(θ,z) is the 
hydrodynamic force; Fem is the electromagnetic force; A is the surface area of a foil.  
 
 
Fig. 2. The scheme of the foil deflection calculation. 
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The scheme of the geometrical parameters of the multi-pole electromagnet is shown in the figure 3. 
 
 
Fig. 3. The geometrical parameters of the multi-pole electromagnet. 
The electromagnetic force acting on a foil is determined according to [2]. 
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where U is the voltage on the coils; H is the gap between the coils and the foils; kCu is the coefficient of filling of the 
groove A with copper (kCu = 0.3..0.5); а is the coefficient of the poles number; α = 0.924 for the number of poles p 
= 8 [2]; lm is the average coil conductor length (see figure 3); ρ ≈ 0.018 Ohm·mm2/m is the copper resistivity; 
μ0=4π·10-7 H/m is the magnetic constant; D is the outer coils diameter; d is the inner coils diameter; t is the pole 
width. 
Using the equation (2) we can determine the electromagnetic force acting on a foil. It allows to calculate the 
additional deformation caused by the electromagnetic forces. These forces can be adjusted by changing voltage on 
the coils and thus the foil displacement control can be implemented. 
The determination of a gas-dynamic reaction force created by one foil is based on the solution of the Reynolds 
equation, modified for the case of the stationary turbulent two-dimensional flow of a viscous compressible lubricant. 
The Reynolds equation is derived from the Navier-Stocks equations system using the qualitative assessments 
assuming that the gap between the friction surfaces is small comparing to the other dimensions [3]. Usage of the 
Reynolds equation is conventional in the gas lubrication theory and the results obtained with such a mathematical 
model comply with experimental data well. Also the inertia forces are small comparing to the pressure and viscosity 
forces, appearing when the air lubricant moves in the gap. 
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Assuming that x = r·θ, ∂x = r∂θ, let’s display the Reynolds equation in the cylindrical coordinates: 
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The turbulence coefficients Kx and Kz allow to take the impact of the additional turbulent viscosity into 
consideration. The turbulence coefficients can be determined according to [4]: 
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where k* is the Carman coefficient, k* ≈ 0.2..0.4. The small values ot the Carman coefficient correspond to the small 
values of the radial gap h = 10..100 μm. The Carman coefficient is often calculated according to the empirical 
expression k* = 0,125 Re0.07.   
The radial gap function is determined as the difference between the points of the rotor surface and the unpressed 
foil (figure 4) 
),sin()cos()()( 00
0 MM XYwnN
N
whnh    (5) 
where h0 is a radial gap between the rotor and the place of foil fixing; w is a foil displacement, N is a number of 
elements the foil is divided into; n=0 … N is a number of the element; X0 is the shaft displacement along the х axis; 
Y0 is the shaft displacement along the y axis; ϕ is an angle of the relative rotor position in the bearing gap. 
 
 
Fig. 4. The calculation scheme of the radial gap function determining 
Determining the pressure distribution field p(θ,z) at a particular time is a boundary value problem of Reynolds 
equation solution. The Reynolds equation is an elliptic type nonlinear partial differential equation with variable 
coefficients. For the considered task it is solved with the following boundary conditions: 
– the predetermined outflow pressure pa on the bearing ends is: 
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– based on the Sommerfeld hypothesis, the bearing surface of the rotor is fully covered with the lubricant film.  
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The reasonableness of such approach is proved, for instance, in [5]. 
The impact of the lubricant film can be taken into consideration by means of including the hydrodynamic force R 
and the friction force Ffr into the calculation scheme (figure 5). 
 
 
Fig. 5. The calculation scheme of the lubricant film reactions determining 
The projections of the hydrodynamic force on the axes of the moveable coordinate system IO1J (figure 4) linked 
to a certain foil can be determined from the relevant geometric considerations and the following formulas:  
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The bearing capacity W and its direction (the angle φw) are determined as follows: 
2 2
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The total bearing capacity W of the gas-dynamic bearing is determined by the vector summation of reactions 
provided by each foil. 
The procedure of determinig the pressure distribution field and calculation of  lubricant film reactions is 
presented as the flowchart in the figure 6.  
 
 
Fig. 6. The algorithm of lubricant film reactions calculation. 
3. Modeling results 
The modeling results are presented below. The figure 5 represents the relation between the elastic foil 
deformation and electromagnetic coils supply voltage. If the supply voltage is known, the deformation of a foil and 
the radial gap value can be found (figure 6), as well as the load capacity of a gas-dynamic foil bearing. 
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Fig. 7. The relation between the foil deformation and the supply voltage. 
 
 
Fig. 8. The radial gap of the gas-dynamic bearing. 
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Fig. 9. The relation between the load capacity of one foil and the rotor speed. 
The charts above represent the principle of the active bearing operation: the load capacity, the rigidity and 
damping properties of the bearing can be adjusted by means of the control signal. Including an additional vibration 
control system allows to improve bearing characteristics at ultra-high rotation speeds. 
The methods of designing mechatronic hybrid bearings, extended mathematical models and their synthesis, as 
well as results of experiments will be represented in the future articles.  
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